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1.  SUMMi\R\  OF  RESEARCH 


The  objective  of  the  work  of  this  research  prograa  was  to  obtain 
iin  understanding  of  the  nechani.sns  that  control  high  tanperature  deforaiation 
In  Eetai  single  crystals  containing  non-def orniable  particles,  in  the  hope  that 
such  information  will  aid  in  understanding  the  conpiex  nechaaical  behavior 
of  coanercial,  polycrystalline,  dispersion  strengthened  alloys.  This 
objective  was  motivated  by  the  belief  that  the  presence  of  grain  boundaries 
invariably  degrades  the  creep  and  rupture  properties  of  conmercial  dispersion 
strengthened  metals  and  confusas  efforts  to  understand  their  properties.  We 
believe  our  work  lias  made  it  easier  to  understand  the  unusual  properties 
of  dispersion  strengthened  metals.  We  hope  that  the  design  and  development 
of  dispersion  strengthened  metals  will  be  facilitated  by  the  ideas  ve  have 
developed. 

The  main  thrust  of  our  experimental  work  has  been  on  single  crystals 
of  Ki-20Cr-2Th0^.  By  studying  the  creep  properties  of  this  material  we 
have  been  able  to  develop  a very  simple  and  rational  explanation  of  the  unusual 
properties  of  dispersr'n  strengthened  metals.  In  particular,  our  work 
has  indicated  that  the  very  high  activation  energies  and  stress  exponents 
tfiat  have  been  reported  for  these  materials  have  a direct  and  natural 
explanation.  Also,  themusua?  and  sometimes  unpredic  :able  properties 
of  polycrystalllne  dispersion  strengthened  metals  can  now  be  understood 
as  a result  of  our  work  on  single  crystals.  Tnis  work  lus  been  published: 

R.  W.  Lund  and  W.  b Nix,  "High  Temperature  Creep  of  Ki -20Cr-2Th02  Single 
Crystals",  Acta  Met.  24,  469  (1976).  Copies  of  this  paper  are  attached  as 
requested . 

The  principal  finding  of  this  research  has  been  that,  for  all 
practical  purpf'..e  , the  Orowan  passing  strc-.s  controls  the  high  temperature 


creep  properties.  Our  eivoerlmenCs  shov  chat  aeasureablc  creep  does  not 
occur  below  a critical  stress  close  to  the  Orowan  stress.  Furth?more, 
we  find  that  the  creep  rate  above  the  critical  stress  is  precisely  what 
onv.  wou.‘,u  expect  for  the  matrix  in  question  (Ni-20Cr)  if  the  difference  I 

between  the  applied  stress  and  the  critical  stress  is  regarded  as  the  , 

driving  force  for  creep.  This  simple  model  describes  the  creep  rate 

to  within  a factor  of  3 at  all  stresses  and  ‘'empeiatures.  It  follows  ’ 

from  the  idea  of  the  critical  stress  that  the  stress  exponent  will  be  large 

asid  variable.  When  the  stress  is  just  slightly  above  the  .iticai  stress 

Che  creep  rate  is  extremely  stress  sensitive  because  a small  variation  in 

the  4^ppl.^‘^d  stress  might  correspond  to  an  enormous  change  in  the  effective 

stress.  In  this  way  we  have  sho%m  tliat  the  stress  exponents  for  creep 

of  dispersion  strengthened  metals  can  have  virtually  any  value,  provided  tl.at 

the  applied  stress  is  judiciously  fixed  with  respect  to  the  critical  stress. 

S^/nce  th'  «_reep  rate  in  dispersion  strengthened  metals  depends  very 
S‘>asitively  on  si  ;ss,  it  follows  that  the  apparent  activation  energy  can 
be  anomalously  large.  This  occurs  because,  cree,  deformation  depends  “n 
the  rati’,  of  i:he  stress  to  the  elastic  tacdulus;  a large  stress  dependence 
implies  a cort e.spondingly  large  dependence  on  elastic  modulus.  Since  the 
elastic  aodu’us  is  temperature  dependent,  ir  follow.^  that  the  creep  rate 
is  tempeiature  dependent  not  only  through  the  activation  energy  but  also  through 
the  temperature  dependent  elastic  n.odulus.  We  have  shown  that  the  high 
activation  energies  that  have  been  reported  for  dispersion  strengthened  metals 
result  fre-a  rhe  t^perature  dependence  of  the  elastic  modulus.  When 
a correction  for  this  temperature  dependence  Is  laade  the  activation  energy 
fallsvery  close  to  that  for.  self  diffusion,  just  as  it  does  for  pure  metals 


and  solid  solutions.  In  the  present  work  on  Ni-20Cr-2Th02  single  crystals 
we  also  find  the  creep  activation  energy  to  be  that  for  self  if  fusion. 

This  work  has  been  published:  R.  K.  Lund  and  W.  D.  Kijc,  "On  High  Creep 

Activation  Energies  for  Dispersion  Stcengthened  Metals",  Me,..  Trans.  6A, 

1329  (1975).  Copies  of  this  paper  are  attached  as  requested. 

Our  experiments  on  single  crystals  help  to  explain  the  unusual 
properties  that  have  been  observed  for  polycrystalline  dispersion  strengthened 
metals.  Polycrystals  creep  at  applicxi  stresses  that  are  well  below  the 
Orowan  stress.  This  is  the  result  of  grain  boundary  sliding  and  the  develop-* 
neat  of  stress  concentrations  at  gr.iin  boundary  junctions.  At  points  of  stress 
concentration  the  Orowan  stress  is  exceeded  and  creep  occurs.  Elsewhere 
in  the  sample  the  Orowan  stress  or  critical  stress  is  not  exceeded  and 
creep  does  not  occur.  Fr.^r.ure  evidently  occurs  before  the  entire  sample 
can  undergo  creep  do. ornation.  Thus  creep  in  polycrystallinc  samples 
is  a highly  inhomogeneous  proces».  in  single  crystals  the  deformation  occurs 
more  homogeneously  with  the  consequence  that  the  basic  meclianisas  are  more 
clearly  revealed. 

As  noted  above,  our  work  on  the  creep  properties  of  Ni-20Cr-2Tn02 
Indicated  a critical  threshold  stress  below  which  creep  could  not  be 
detected.  Our  early  work  Indicated  that  tre  critical  stress  is  close 
to  t le  Orowan  bowing  stress  for  our  crystals.  We  made  this  determination 
by  comparing  the  measured  critical  stress  with  that  c-ilculated  on  the  basis 
of  Che  observed  IhO^  j^article  spacing.  However,  such  calculations  always  in- 
volve ccrta..:i  unkno«vns  so  that  we  cannot  pinpoint  the  Orowan  stress 
exactly.  Ir.  an  effor:  to  strengthen  this  part  of  our  work  we  measured  the 
room  temperature  yield  strength  of  oriented  crystals  of  Ki-20Cr-Th02  and 
obtained  the  Orov.«ii  .stress  experimentally.  The  results  indic.rted  tliat  although 


the  creep  threshold  stress  is  close  to  tlie  Orowar.  stress  as  we  had  deduced 
earlier.  In  fact  the  threshold  stress  lies  soaewhat  below  the  Orowan 
s'^ress  (the  threshold  stress  is  about  of  the  Orowan  stress^.  This 
result  is  important  because  it  indicates  tlsat  we  i»avc,  indeed,  detected 
measureable  creep  below  tlie  Orowan  stress.  This  is  expected  theoretically. 
This  refinement  of  our  understanding  of  the  threshold  stress  does  not 
alter  our  general  finding  that  the  Orewon  stress  controls  virtually  all  of  the 
creep  properties  of  dispersion  strengthened  crystals.  This  work  lu»s  been 
accepted  publication:  C,  M.  Pharr  and  V.  D.  Nix,  "A  Comparison  of  the 

Orowan  Stress  with  the  Threshold  Stress  for  Creep  for  Ni-20Cr-2Th02  Single 
Crystals"  (to  be  published  in  Scripta  Met.)  a copy  of  the  preprint  is  attached 
as  requested. 

Our  study  has  indicated  that  di.spersion  strengthened  single  crystals 
are  inherently  very  ductile.  While  po’ ycry.stall ine  dispersion  stren'’thened 
metals  typically  fail  in  creep  after  about  one  percent  strain,  our  single 
crystals  showed  very  much  higher  ductility.  Wc  find  elongations  to 
failure  as  high  as  30%  and  reduction  of  are.is  typically  in  the  60-80%  range. 
These  ductilities  are  achievable  because  high  angle  grain  boundaries  are 
not  present  to  cause  fracture.  Failure  in  these  crystals  occurs  by  the 
onset  of  plastic  instability  and  neckl.sg.  We  have  n:.ide  a theoretical  study 
of  this  kind  of  failure  process.  It  Indicates  that  the  elongation  to  failure 
should  he  a very  sensitive  function  of  the  apparent  stress  exponent  for 
creep.  In  terms  of  our  present  understanding  of  creep  in  dispersion 
strengthened  crystals  the  prediction  is  that  the  creep  clo.igation  to 
failure  bet.omes  very  small  when  the  applied  stress  is  '.nly  slightly 
greater  than  the  critical  threshold  stress. 
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This  prediction  is  verified 
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by  the txper Inental  results.  This  theoretical  work  lias  been  published:  1'.  A. 

Burke  and  W.  D.  Nix,  "Plastic  Instabilities  in  Tension  Creep",  Acta  Met.  23. 
795  (1975).  Copies  of  this  paper  are  attached  as  requested. 

We  have  always  been  interested  in  the  physical  raechanisas  by  which 
creep  occurs  in  dispersion  strengthened  netals.  Our  first  theoretical 
effort  was  to  study  the  rate  at  which  edge  dislocations  climb  over  circular 
inclusions.  Though  the  geometry  of  this  problem  is  somewhat  artificial, 
this  study  laid  the  ground  work  for  our  later  theoretical  analyses.  Our 
first  study  did  indicate  that  the  elastic  properties  of  the  dispersed 
phaserre  not  likely  to  be  important  to  creep  in  dispersion  strengthened 
crystals.  This  work  lias  been  published:  .7.  H.  Holbrook  and  W.  D.  Nix, 

"Edge  Dislocation  Climb  Over  Non-Deformable  Circular  Inclusions",  Met.  Trans. 

1053  (1974).  Copies  of  this  paper  arc  attached  as  requested. 

A more  complete  theoretical  study  of  dislocation  over  non-deformble 
Inclusions  Ins  been  completed.  The  basic  thrust  of  our  study  has  been 
to  determine  why  creep  occurs  so  slowly  below  the  Orowan  Stress.  We 
have  made  a completely  new  analsis  of  this  problem  taking  into  account 
the  configuration  of  the  dislocation  as  it  climbs  over  the  particle. 

This  analysis  indicates  that  the  creep  rate  should  drop  rapidly  below  the 
Orowan  stress,  in  agreement  with  our  observations.  We  have  also  shown  that 
the  stacking  fault  energy  may  influence  the  creep  rate  by  making  it  impossible 
for  some  dislocations  to  climb  over  particles.  Considering  all  of  these 
factors,  ve  have  been  able  to  develop  a quantitative  description  of  creep 
below  the  Orowan  stress  that  is  consistent  with  our  experiments.  This  work 
is  now  completed  and  is  described  In  John  Holbrooks  Plil)  Thesis.  Journal 
articles  describing  this  work  are  now  in  preparation. 

Our  study  of  the  ..roep  properties  of  dispcrs.on  strengthened  single 
crystals  lias  raised  a number  of  questions  about,  the  mecluinisns  responsible 
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fcr  cretfp  flow  ill  particle  strengthened  systeas.  In  an  effort  to  answer  these 
questions  .(ndproviJe  a fuller  understanding  of  creep  in  these  raterials 
we  have  enit:rraken  a transaission  electron  microscopy  study  of  the  creep 
substructure  in  Ni-20Cr-2Tn02-  To  our  surprise  we  find  the  dislocation 
density  and  subgrain  size  to  be  almost  exactly  vhat  one  would  expect 
for  a pure  metals  or  simple  solid  solution.  The  dispersion  that  so  dramatically 
improves  the  strength  has  virtually  no  effect  on  the  surst.'ucture.  We 
are  presently  using  this  information  as  a basis  for  constructing  a more 
complete  and  detailed  theoretical  picture  creep  in  dispersion  strengthened 
metals.  Our  transmission  electron  microscopy  w'^rk  is  now  complete.  A paper 
has  been  prepared  for  publication  and  will  be  submitted  to  Acta  Met.  this  ronth. 

During  the  last  year  of  this  program  the  orientation  of  our  work 
has  been  changing.  We  are  now  engaged  in  a study  of  the  processing 
of  dispersion  strengthened  metals.  We  are  interested  in  mechanical 
alloying  as  well  as  in  the  thermo-mechanicax  processing  needed  to  produce 
elongated  grain  structures.  We  have  developed  the  technique  for  mechanical 
alloying  andluve  reproduced  certain  classical  experiments.  We  have 
also  succeeded  in  mechanically  alloying  aliainum  powder  that  may  contain 
a fine  dispersion  of  Al^O^.  T'.iis  work  was  described  in  our  recent  proposal 
to  AFOSR.  We  have  also  succeeded  in  making  elongated  grain  structures 
in  an  Al-Si  allov.  We  expect  to  be  able  to  understand  the  factors  tl«at 
lead  to  elongated  grain  streutres  oy  studying  this  and  other  simple  systems. 
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